Abstract. During a 1-year field experiment at a remote location on the Antarctic polar plateau (85.67øS, 46.38øW) influenced by moderate magnitude katabatic winds, snow accumulation was characterized at three different spatial and temporal scales using snow stakes, tracer material dispersed periodically on the snow surface, and an acoustic depth gauge. The spatial variability of snow accumulation was found to be large, on both annual and intra-annual timescales, and is attributed to the high frequency of moderate to strong winds at the site. Accumulation throughout the year was observed to be episodic in nature, with a small number of snow accumulation events producing the majority of the annual total accumulation for the site, averaging 0.174 m. In the intervals between observed accumulation events (up to several months), negative changes to snow surface height caused by sublimation and densification of the firn were quantified using an acoustic depth gauge. The rate of decrease in snow surface elevation was largest during the austral summer, as expected, and the overall change in snow surface elevation due to sublimation/densification during the year was estimated to be about-0.10 m. Using the precise timing of accumulation events provided by the acoustic depth gauge, meteorological surface observations, numerical model analyses, and satellite imagery were used to gain insights into whether the event was associated with precipitation or related exclusively to blowing snow and to diagnose the meteorological conditions producing the event. Meteorological conditions during the accumulation events were found to strongly support an association with precipitation events caused by mesoscale or synoptic-scale cyclones along the coastal margin. Dating of the accumulation profile using the dispersed tracer technique identified several other accumulation events that were not measured within the target area of the acoustic depth gauge, suggesting that snow accumulation data from a single acoustic depth gauge cannot be extrapolated over a broad area.
Introduction
Antarctica plays an important role in the Earth's climate system [Simmons and Wu, 1993] by its influence on the energy balance dynamics of the planet and by strongly influencing the dynamics of the atmosphere and oceans.
Antarctica also stores more than 90% of the land-based ice and could play a major role in global sea level variations if the overall ice sheet mass balance were to change. Efforts to evaluate whether polar ice sheets are currently growing or shrinking have used both a modeling approach and direct measurements. Using standard products available from the [Bromwich, 1988 ], yet these data are critical in determining whether general circulation models (GCMs) and other numerical techniques are correctly simulating the seasonal forcings that control mass input to the ice sheets. In fact, the relationship between precipitation and accumulation in regions dominated by strong winds is not well understood. In a previous study [Braaten, 1997] 
Experimental Design
The objective of this experiment was to obtain a detailed AGO-2 is one of six facilities supporting scientific experiments at remote Antarctic sites by providing power, data acquisition, heat, and shelter to operate instrumentation that would not otherwise survive in the ambient environment. AGO-2 is visited once annually for maintenance and refueling, and it was during these visits that field work for this experiment was carried out. The snow accumulation study site at AGO-2 was located -30 rn from the facility (Figure 2 ) in a direction approximately perpendicular to the prevailing wind direction. While annual accumulation in the region surrounding AGO-2 was found to be highly variable, the accumulation characteristics of the study site described in this investigation were not unusual or adversely influenced by its proximity to the AGO facility. This conclusion is based on both snow stake measurements and a visible snow pit stratigraphy comparison at the accumulation study site and at a location ~250 m upwind from AGO-2 (D. Voigt, personal communication, 1997). Snow pits at the two widely separated locations showed remarkable agreement in the location of crust layers and the first hoar frost layer, providing confidence that the physical presence of the AGO-2 facility did not have a significant influence on the snow accumulation characteristics of the study site. Snow accumulation was characterized using three different methods, each representing different spatial scales and providing different temporal resolution. These methods included linear snow stake arrays, the use of tracer material dispersed on the snow surface that allowed later dating of accumulation layers, and frequent measurement of the snow surface elevation using an acoustic depth gauge. In addition, meteorological parameters were measured by the AGO-2 facility, which included wind speed, wind direction, temperature, and barometric pressure.
Snow Stake Method
Snow stake lines were surveyed at the start and finish of the experiment to characterize annual variability of snow accumulation over a broad area. What is lacking in these data is any information about the actual accumulation processes 
Microsphere Tracer Method
To characterize snow accumulation with much higher time resolution than the snow stake method but representative of a more limited area, an automated device called the microsphere dispersal system (MDS) [Braaten and Ratzlaff, 1998] Table 2 . Hence any given microsphere color is dispersed in a 56-day cycle.
While on the snow surface, it was possible for the microsphere tracer to be spread over a much larger area by strong winds, and microspheres were identified in snow cores extracted as far as 1400 m downwind from AGO-2.
As snow accumulates after the activation, however, the microspheres are entombed as thin horizons in the firn. The horizontal and depth distribution of microsphere horizons and vertical snow density profiles were determined by snow pit sampling and subsequent laboratory analysis of the snow samples. Although it was uncommon to visually observe a microsphere horizon in a snow pit because of typically very small microsphere concentrations, one horizon in two different snow pits was visually observed. All sampling and analyses were conducted in November 1997. After excavating a snow pit -0.8 m in depth, snow slab samples were removed from a snow pit wall oriented along the Table 2 , the identified microsphere horizons were assigned dates, allowing the accumulation periods to be reconstructed chronologically at six of the eight snow pits. Two snow pits, located 15 and 40 m from the microsphere generators, were excluded from this analysis due to the small number of horizons identified (three and two, respectively), which resulted in large horizon dating uncertainties. Table 2 provides a summary of the depth at which each individual microsphere horizon was found in the six analyzed snow pits. The uncertainty in the depth of the microsphere horizons is generally +_0.02 m. This is the case for both microsphere horizons found in a single analysis section and for the small number of horizons found in two adjacent sections, which were attributed to a sloping snow surface at the time of deposition. Several crust layers visually observed in the snow pits showed a degree of curvature that could cause a microsphere horizon (if associated with the crust layer) to be identified in two adjacent analysis sections. Of the 26 microsphere dispersal events that occurred during the 12-month period, 22 were accounted for in one or more of the six snow pits. Microspheres from the four dispersal periods not identified were either dispersed in areas that were not sampled or were eroded by wind action. Table 2 also gives the mean wind speed during identified dispersal events for each snow pit. As expected, the mean wind speeds associated with the microsphere dispersal events identified in the three snow pits closest to the microsphere generators were lower than the mean wind speeds of the dispersal events of microspheres identified in snow pits farther downwind.
A snow density profile was also determined for each snow pit, and these measurements were used to transform observed snow depth accumulation zones into water equivalent accumulation. The overall mean density for all snow pits was 0.45x103 kg m '3. A typical density profile is shown in Figure   3 
Acoustic Depth Gauge
The third technique used to characterize snow accumulation relied on a Campbell Scientific, Inc., SR50 acoustic depth gauge (ADG) to obtain frequent (30 min) and accurate (+_0.01 , during one m) measurements of snow surface height. Of the three accumulation). AGO-2 could be due to a fraction of maritime air trajectories passing over both locations [Hogan, 1997] .
Snow surface elevation measurements from the ADG also allow firn sublimation/densification processes to be examined. These processes are expressed as a decreasing trend in the ADG snow surface elevation data over a period of days to weeks. An example of this trend is shown in Figure 7 for a 27-day period in December 1996. The short-term fluctuations seen in the ADG signal generally do not reflect changes in the surface elevation but are due to temperature differences in the path between the ADG probe and the snow surface. Only one ambient temperature measurement is made to characterize the speed of sound along the path, and this measurement is not always equal to the actual integrated path temperature. Negative snow surface elevation trends were quantified for periods during each month with sufficient valid ADG data by applying a linear least squares fit to the time series data. The slope of this fit provides the overall rate of decrease of snow surface height. Table 3 lists each period examined, the number of days of data used in the least squares fit, and the rate of change of snow surface height. As expected, the decrease in snow surface height is greatest during the warmer months, which is mainly attributable to the larger saturation mixing ratio of water vapor in air at higher temperatures. For example, the saturation mixing ratio of air at -25øC is 5 times greater than at-40øC. Using the values given in Table 3 An accumulation event as observed by the ADG can be due to precipitation alone, windblown snow alone, or some combination of the two, and measured wind speed during an event can offer some insights into the mechanism or mechanisms responsible. The formation of snowdrifts by windblown snow requires the movement of snow grains along the surface in a process called saltation [Pettr• et al., 1986] ; however, this process only occurs if the wind speed exceeds some threshold speed. Typically, the threshold wind speed for saltation ranges from 6 to 10 m s '] depending on snow surface conditions, and when wind speeds are below the saltation threshold speed, any snow accumulation observed by the ADG must be due to precipitation alone. Table 4 gives the observed wind speed ranges at AGO-2 during each accumulation event examined. For all events, wind speeds were within the range required for saltation at the start of each event, but for events 2 and 5 the wind speed tendency was to decrease throughout the event, ending the event with a wind speed that was below the saltation threshold speed. During events 1 and 3 the meteorological data were lost by the AGO-2 data acquisition system, and only the meteorological data contained in the once-per-day health and status message broadcast to the ARGOS satellite was available. Therefore the wind speed changes shown for events 1 and 3 are based on two measurements, whereas the assessment of wind speed trends for events 2 and 5 is based on 10-min averages of 1-min observations. Despite these data limitations, wind speeds observed during these accumulation events indicate that precipitation is likely to be associated with the ADG-observed accumulation events.
Temperature and atmospheric pressure trends from surface measurements can often provide limited information on mesoscale and synoptic-scale atmospheric processes that are capable of producing precipitation. Table 4 Using these high time resolution data, sublimation/densification rates were quantified, and diagnostic assessments of the meteorological conditions associated with accumulation events were made using archived observational data, model output, and satellite images. While no single meteorological pattern was associated with these accumulation events, the winds during each event were observed to decrease in magnitude to a wind speed below the threshold speed for blowing snow. This observation confirms that precipitation is a contributing factor in these accumulation events, but contributions from blowing snow were also possible early in the event.
Other precipitation events not detected as accumulation events by the ADG are likely to have occurred throughout the study period, including clear-sky precipitation, but the frequency of these events is not known. Strong winds associated with precipitation events commonly prevent snow from accumulating on exposed, relatively flat surfaces, such as the small area monitored by the ADG. 
